Splicing of plant organellar group II introns is under accurate nuclear control that employs many nucleusencoded protein cofactors from various families. For mitochondrial introns, only a few splicing factors have been characterized because disruption of their functions often causes embryo lethality. Here, we report the function of Empty Pericarp8 (Emp8) in the splicing of three group II introns in mitochondria, complex I biogenesis, and seed development in maize. Emp8 encodes a P subfamily pentatricopeptide repeat protein that localizes in mitochondria. The loss-of-function mutants of Emp8 are embryo lethal, showing severely arrested embryo and endosperm development in maize. The respiration rate in the emp8 mutants is reduced with substantially enhanced expression of alternative oxidases. Transcript analysis indicated that the trans-splicing of nad1 intron 4 and cis-splicing of nad4 intron 1 are abolished, and the cis-splicing of nad2 intron 1 is severely impaired in the emp8 mutants. These defects consequently lead to the disassembly of mitochondrial complex I and a dramatic reduction in its activity. Together, these results suggest that Emp8 is required for the trans-splicing of nad1 intron 4 and cis-splicing of nad4 intron 1 and nad2 intron 1, which is essential to mitochondrial complex I assembly and hence to embryogenesis and endosperm development in maize.
INTRODUCTION
The mitochondrion evolved from endosymbiosis of a-proteobacteria and most of the bacterial genes were lost or transferred to the nucleus during evolution (Gray et al., 1999; Martin et al., 2012) . Nevertheless, the mitochondrial genome continues to house approximately 5% of the genes encoding proteins, tRNAs, rRNAs for oxidative phosphorylation (OXPHOS), and protein translation (Richardson et al., 2013) . The higher plant mitochondrion retains the genes encoding proteins essential for respiratory functions (Knoop, 2004) . These mitochondrial genes are both polyand monocistronic. In maize mitochondrial genome, there are 58 genes encoding 18 proteins (components of complex I, III, IV, V) for respiratory chain function, four proteins for cytochrome c biogenesis (CcmB, CcmC, CcmF N and CcmFc), nine ribosomal proteins, 21 tRNAs, for 14 amino acids and 3 rRNAs (rrn5, rrn18, and rrn26) with respect to protein translation. In addition, two genes encoding a maturase (MatR) (Sultan et al., 2016) and a transporter protein (MttB) are also retained in the mitochondrial genome (Clifton et al., 2004) .
The coding regions of some mitochondrial genes are interrupted by introns (Clifton et al., 2004; Brown et al., 2014) . Mitochondrial introns are classified as group I or group II ribozymes according to the structural features and splicing mechanism, in which the later are predominant in plant mitochondria (Bonen, 2011; Zimmerly and Semper, 2015) . Typical group II introns are mobile genetic elements consisting of the self-splicing ribozyme and its intron-encoded maturase with reverse transcriptase activity, which specifically binds its own cognate pre-mRNAs (Brown et al., 2014) . A total of 22 introns have been identified in maize mitochondrial genome, of which 19 introns are present in the nad1, nad2, nad4, nad5, and nad7 genes coding for subunits of complex I, the entry complex of the OXPHOS system. Other mitochondrial introns reside in cox2, ccmFc, and rps3 transcripts (Clifton et al., 2004; Brown et al., 2014) . These introns are spliced either cis or trans in which nad1, nad2, and nad5 transcripts contain bipartite trans-splicing introns (Malek and Knoop, 1998; Bonen, 2011) . In contrast to cis-splicing introns, a transsplicing intron is present in separate RNA molecules, possibly through the DNA rearrangements that protein-coding segments and their flanking introns are scattered around the genome (Bonen, 2011) .
Plant mitochondrial introns have diverged considerably and are devoid of self-splicing compared with bacterial group II introns. Mitochondrial intron splicing is chemically identical to the splicing of nuclear spliceosome with two trans-esterification steps (Peters and Toor, 2015) . In bacteria, group II introns can self-splice through the ribonucleoprotein complex (intron RNA-maturase). However, plant mitochondrial introns lost the specific features for self-splicing, leaving only a maturase encoded by the nad1 intron 4 (Bonen, 2011; Sultan et al., 2016) . Therefore, the inability of self-splicing requires the recruitment of additional nucleus-encoded splicing cofactors, which are believed to function in the interaction with the intron RNA to a catalytically active conformation (Brown et al., 2014) . Currently, the functionally characterized splicing factors belong to distinct families, including the nucleus-encoded maturases (Keren et al., 2009 (Keren et al., , 2012 , mitochondrial transcription termination factor protein (Hsu et al., 2014) , regulator of chromosome condensation-like protein (RUG) (K€ uhn et al., 2011) , plant organellar RNA recognition protein (PORR) (Colas des , a chloroplast RNA splicing and ribosome maturation (CRM) (Zmudjak et al., 2013) , a putative DEAD-box RNA helicase PMH2 (K€ ohler et al., 2010) , a RAD-52-like protein ODB1 (Samach et al., 2011) , and the most characterized large family of pentatricopeptide repeat (PPR) proteins (Barkan and Small, 2014; Hannami and Gieg e, 2014; Hsu et al., 2014) .
Pentatricopeptide repeats are RNA-binding proteins containing tandem repeats of a degenerate 35-amino acid motif (Small and Peeters, 2000) . Each PPR motif folds into two antiparallel a-helices, and the whole protein forms a righthanded superhelix (Ke et al., 2013; Yin et al., 2013) . More than 450 PPR proteins are predicted in Arabidopsis, rice, and maize , and these PPRs are found to briefly localize to plastids and mitochondria (Colcombet et al., 2013) . Structurally, PPRs are divided into P and PLS subfamilies. The P subfamily PPR contains exclusively the canonical PPR motif, whereas the PLS subfamily possesses additional longer (L) or shorter (S) PPR motifs with additional C-terminal domains, the E, E+, and DYW . Although with sequence similarity among the PPR motifs, PPRs exhibit functional distinction and non-redundancy in assisting the organelle expression and evolutional diversity between monocots and eudicots Barkan and Small, 2014; Manna, 2015) . The PLS (repeat P-L-S motif)-subfamily PPRs predominantly assist in RNA editing (Takenaka et al., 2013; Barkan and Small, 2014; Li et al., 2014; Sun et al., 2015; Qi et al., 2017b; Wang et al., 2017b; Yang et al., 2017) and RNA splicing (Chateigner-Boutin et al., 2011; Ichinose et al., 2012) , whereas the P subfamily PPRs have been functionally characterized in mitochondrial intron splicing (Brown et al., 2014; Hsu et al., 2014; Hsieh et al., 2015; Chen et al., 2016; Xiu et al., 2016; Cai et al., 2017; Qi et al., 2017a; Ren et al., 2017; Dai et al., 2018) , transcript stabilization (Colas des Lee et al., 2017; Wang et al., 2017a; Zhang et al., 2017) , cleavage and translation (Colas des Francs- Ha€ ıli et al., 2016) . Nonetheless, the number of characterized mitochondrial PPRs involved in the splicing of group II introns is very few, especially for the case of mutations leading to embryo lethality which often negates genetic and molecular studies (Barkan and Small, 2014; .
Elucidation of the molecular functions of PPRs aids in understanding the mechanism by which organellar introns are spliced. It also facilitates the study of mitochondrial genes as well as the assembly of the OXPHOS complexes because mutations in PPR genes lead to changes in mitochondrial gene transcripts (Colas des Francs- . Maize is an ideal model for the study of embryo-lethal genes because of its large seed size and easily collected non-photosynthetic tissues for molecular biology and biochemical studies (Belcher et al., 2015) . In this study, by using the maize kernel mutants, we demonstrate the function of a mitochondrial PPR gene, Empty pericarp 8 (Emp8), in the splicing of two cis-introns of nad2 intron 1 and nad4 intron 1, and one trans-intron of nad1 intron 4. The loss of Emp8 is lethal, producing an empty pericarp phenotype. Emp8 is essential to the assembly and activity of mitochondrial complex I in maize. Our results indicate that Emp8 plays a pivotal role in RNA intron splicing, mitochondrial complex I biogenesis and seed development in maize.
RESULTS

Mutation of Emp8 causes an empty pericarp phenotype in maize kernels
Emp8 (GRMZM2G388778) is an intronless gene containing an open reading frame of 456 codons, encoding a P subfamily PPR protein with nine PPR motifs Cheng et al., 2016) (Figure 1h ). Within the sequenced land plants, EMP8 is closely related to Sb07g026590 in Sorghum bicolor and LOC_Os08 g41380 in Oryza sativa, with 96% and 90% similarity, respectively. The most closely related homolog in Arabidopsis thaliana (AT5G18390) has a 49% protein similarity to EMP8, with relatively highly conserved sequences at the C-terminus ( Figure S1 ).
The emp8 mutant was isolated from the UniformMu population (McCarty et al., 2005) . The Mu insertion was identified at +1179 bp downstream from the start codon of Emp8 (named emp8-1179). The selfed progenies of emp8-1179/+ heterozygotes produced empty pericarp kernels at a ratio of 1:3 (emp: (wild-type + heterozygotes), 285:922, v 2 = 1.24, Figure 1a -h), indicating a recessive mutation.
The embryo and endosperm of emp8 at 10 days after pollination (DAP) were much smaller than those of the wild-type (WT). The endosperm was partially transparent particularly in the top region, and the embryo was tiny with no clear differentiation of internal structures (Figure 1c,d ), whereas the WT kernel produced normal embryo and endosperm (Figure 1b) . At 17 DAP, the WT kernel formed a large endosperm and embryo ( Figure 1e ). However, the emp8-1179 mutant accumulated less starch in the endosperm and the pericarp collapsed (Figure 1f,g ). Homozygous emp8-1179 mutants are embryo-lethal as no mutant plants were recovered. These results imply that the Emp8 mutation impairs both the embryogenesis and the endosperm development.
To determine whether the mutation in GRMZM2G388778 is the causal gene for the emp8 phenotype, we isolated an independent allele with a Mu insertion at +943 bp of the ATG in GRMZM2G388778, named emp8-943. The selfed progeny of emp8-943/+ heterozygotes produced emp kernels at a ratio of 1:3 [emp: (wild-type + heterozygotes), 252:831, v 2 = 1.73] in a recessive pattern. And the emp phenotype was tightly linked to the Mu insertion ( Figure S2 ). Allelism test by reciprocal crosses between emp8-1179/+ and emp8-943 /+ heterozygotes produced ears segregating emp kernels at a 1:3 ratio (emp: (WT + heterozygotes), 398:1259, v 2 = 0.85), confirming that they could not complement each other and the emp8 phenotype is caused by the mutation in GRMZM2G388778.
RT-PCR analyses failed to detect the presence of the WT Emp8 transcript in the embryo or endosperm of the two alleles ( Figure 1i ), suggesting both mutations are null.
Embryo and endosperm development are arrested in emp8
To delineate the stage of the developmental arrest, homozygous emp8-1179 and WT kernels from the same segregating ear were sectioned and examined under microscopy. At 10 DAP, the WT embryo differentiated scutellum and shoot apical meristem, while the endosperm entered the differentiation stage with distinct differentiated starchy endosperm and aleurone, which filled the pericarp. In contrast, the emp8-1179 embryo was merely at the transition stage with the establishment of radial asymmetry and formation of an internal wedge-shape meristematic region in the upper part of the embryo. The mutant endosperm was much smaller than the WT (Figure 2b ). At 14 DAP, the WT embryo reached the coleoptile stage with clearly developed scutellum, coleoptiles, coleorhizae, shoot apical meristem, root apical meristem, and visible leaf primordial ( Figure 2d ). Instead, the emp8-1179 mutant embryo stalled at the transition stage showing an undifferentiated embryo proper with a suspensor, and the endosperm stagnated at the differentiation stage (Figure 2e ,f). At 17 DAP, the emp8-1179 embryo grew slightly and the top of the embryo proper was densely packed with mitotic cells and appeared to form vascular tissues ( Figure 2h ,i), whereas the WT seeds possessed a well developed embryo with all structures and a densely starch-packed endosperm ( Figure 2g ). These results indicate that the mutation of Emp8 arrests embryo development at the transition stage and severely delays the endosperm development, suggesting that Emp8 plays a critical role in maize embryogenesis and endosperm development.
EMP8 is a P subfamily PPR protein localized in mitochondria
The EMP8 protein is predicted to localize in mitochondria according to TargetP (http://www.cbs.dtu.dk/services/Targe tP/) and Predotar analysis (Small et al., 2004) . To test that, the full-length EMP8 was fused with GFP and transiently expressed in Nicotiana tabacum leaf epidermal cells. Confocal laser scanning microscopy analyses detected the green fluorescence signals in punctuated spots that merged with the mitochondrial marker MitoTracker Red, but not with the chlorophyll autofluorescence signals (Figure 3 ), indicating that EMP8 localizes in mitochondria and not in plastids. RT-PCR analyses indicated that Emp8 was ubiquitously expressed in a range of vegetative and reproductive tissues, including root, stem, leaf, pollen, ear, silk, husk, tassel, and maize kernels at different stages. The expression level of Emp8 is relatively higher in pollens and stems but is lower in developing kernels ( Figure S3 ).
Splicing deficiency of nad1, nad2, and nad4 introns in emp8
The P subfamily of PPR proteins is mostly implicated in organellar RNA processing including RNA cleavage, intron splicing, RNA stability and maturation, and regulation of translation (Manna, 2015; Hsieh et al., 2015; Chen et al., 2016; Ha€ ıli et al., 2016; Xiu et al., 2016; Cai et al., 2017; Lee et al., 2017; Qi et al., 2017a; Ren et al., 2017; Wang et al., 2017a; Zhang et al., 2017; Dai et al., 2018) . To determine the function of Emp8 in mitochondria, we analyzed the expression of the 35 mitochondrion-encoded transcripts in the WT and emp8 alleles by qRT-PCR and RT-PCR. Both analyses showed that the expression of most transcripts was indistinguishable between the WT and the emp8-1179 and emp8-943 alleles (Figure 4 , Figure S4 ). However, the expression of the fully processed nad1 and nad4 transcripts was completely absent in both mutant alleles, and the level of the nad2 transcript was dramatically decreased as well (Figure 4 , Figure S4 ). Maize mitochondrial nad1 contains one cis-intron and three trans-introns; nad2 has three cis-introns and one trans-intron, whereas nad4 contains three cis-introns. To test whether the absence of nad1 and nad4 and reduction in nad2 fully processed transcripts are due to altered intron splicing, we compared the splicing efficiency of the 22 mitochondrial introns in WT and in the mutant. Primers utilized were anchored in exons to amplify each intron (Xiu et al., 2016) . qRT-PCR analyses indicated that the splicing of nad1 intron 4 (trans-) and nad4 intron 1 (cis-) was completely abolished in both emp8-1179 and emp8-943, while the splicing of nad2 intron 1 (cis-) was dramatically reduced in the mutants (Figure 5a ). No significant differences were found in the other introns (Figure 5a ). We performed RT-PCR on the same set of cDNA to detect the unspliced fragments and to verify this result. This showed that the fragments containing the unspliced nad2 intron 1 and nad4 intron 1 accumulated in the emp8 mutants (Figure 5c,d ). Spliced trans-intron of nad1 intron 4 cannot be WT (a, d, g ) and emp8-1179 mutant (b, c, e, f, h, i) kernels are longitudinally sectioned at 10 (a, b, c), 14 (d, e, f), and 17 DAP (g, h, i). The c, f, and i are enlarged views of the emp8-1179 mutant embryos in b, e, and h, respectively. En, endosperm; Em, embryo; vt, vascular tissue; per, pericarp; al, aleurone; sc, scutellum; Su, suspensor; col, coleoptile; cor, coleorhizae; ep, embryo proper; lp, leaf primordial; sam, shoot apical meristem; ram, root apical meristem. Scale bar: 100 lm.
easily detected (Figure 5b ). These results demonstrate that Emp8 is required for the splicing of nad1 intron 4, nad2 intron 1, and nad4 intron 1 in maize mitochondria.
Mitochondrial complex I biogenesis is severely reduced in emp8
We examined the steady-state levels of representative mitochondria-encoded protein components of the mitochondrial complexes in the maize kernels by western blotting analysis to determine whether the expression of mitochondrial proteins was affected in the emp8 mutants.
The results revealed that the abundance of Nad9 (complex I/NADH dehydrogenase subunit 9) (Lamattina et al., 1993) in complex I in emp8-1179 was decreased to about onequarter of WT level ( Figure 6 ). Interestingly, cytochrome c 1 (Cytc 1 ) of complex III and free cytochrome c that shuttles electrons between complex III and IV were strongly increased. In addition, Cox2 of complex IV and mitochondrial ATP synthase a subunit (ATPase-A) of complex V were also increased in the emp8-1179 mutant compared with WT (Figure 6 ), suggesting that the splicing deficiency of nad1, nad4, and nad2 introns reduces the level of Nad9, Figure 3 . EMP8 is localized in mitochondria.
The full-length EMP8 sequence was fused with GFP and transiently expressed in tobacco epidermal cells, and fluorescence signals were detected under confocal microscope. MitoTracker was used to label the mitochondria. DIC, differential interference contrast. Scale bar: 10 lm. Figure 4 . Loss of Emp8 function results in deficiency of mature transcripts of nad1, nad2, and nad4 in the mitochondria. Total RNAs were extracted from the WT and emp8-1179 and emp8-943 mutant kernels in a segregating ear after removal of the maternal pericarp. Transcript levels of the 35 mitochondrial encoded genes in maize were quantified by qRT-PCR from at least three independent kernels (Xiu et al., 2016) . The transcript abundance was plotted as emp8/wild-type log2 ratios using ZmActin for normalization. RT-PCR analysis of the intron splicing efficiency of nad1 intron 4 and nad4 intron 1 and nad2 intron 1 in the emp8-1179 and emp8-943 alleles, by using exon-exon flanking primers (Xiu et al., 2016) . The PCR products corresponding to unspliced fragments of nad1 intron 4 (b), nad4 intron 1 (c), and nad2 intron 1 (d) were confirmed by sequencing. Arrows indicate the spliced and * stands for the unspliced products. Positions of primers (F1-R5) for flanking exon-exon PCR amplification are indicated in the structure of the maize mitochondrial nad1, nad2, and nad4 gene, respectively, in which intron 1, 3, 4 of nad1, intron 2 of nad2 are trans-spliced. E1-E5: exon1-exon5.
but enhances the expression of other components of complex III, IV, and V. Assembly and steady-state levels of the respiratory complexes were further examined in the emp8 mutants by blue native polyacrylamide gel electrophoresis (BN-PAGE). As indicated by Coomassie Brilliant Blue (CBB) staining and in-gel NADH activity assay (Figure 7a,b) , the bands corresponding to complex I and supercomplex (I+III 2 ) were completely absent in emp8-1179 mitochondrial membranes. In addition, a band of~480 kDa was found in WT but not in the emp8 mutants (Figure 7a, band 1) . Protein identification by mass spectrometry analysis indicated that the main components of this subcomplex were a sucrose synthase (Table S1 ), which has been localized in mitochondria (Subbaiah et al., 2006) . In-gel activity assay of complex II indicated a moderate increase in emp8-1179 (Figure 7d ), whereas complex III accumulated substantially in emp8-1179, as determined by the peroxidase activity (which indicates the c-type cytochrome containing complex) and western blotting in the BN-PAGE using antiserum against Cytc 1 . Complex IV (indicated by Cox2) and complex V (indicated by ATPase-A) were also increased in the emp8-1179 mutants (Figure 7d-f) . These results indicate that the loss of Emp8 function leads to failed assembly of mitochondrial complex I, but enhances the expression and assembly of complex II, III, IV, and V, which may imply a feedback regulatory mechanism in response to complex I failure.
Respiration rate is decreased and AOX expression increased in emp8
In addition to the main respiratory cytochrome c pathway, plant mitochondria specifically possess a branched electron transport chain, coupled with the alternative NADH dehydrogenases and oxidases (AOX) (K€ uhn, et al., 2015) . When the main electron transfer chain is impaired, alternative and compensatory respiration pathways can be activated (K€ uhn et al., 2015) . Because several mutants with impaired mitochondrial complex I showed the induction of AOX expression Chen et al., 2016; Xiu et al., 2016; Cai et al., 2017; Lee et al., 2017; Qi et al., 2017a,b; Ren et al., 2017; Zhang et al., 2017; Dai et al., 2018) , we measured total respiration rate (V t ), the capacities of the alternative respiratory pathway (V alt ), and the capacities of the cytochrome respiratory pathway (V cyt ) using a combination of specific inhibitors (Sun et al., 2015) . The results showed that V t was markedly reduced in the emp8 mutant (Table 1 ). The ratio of V cyt /V t decreased remarkably in the emp8 mutant, indicating a severe reduction in the main cytochrome respiration pathway. Moreover, the ratio of V alt /V t strikingly increased, implying an elevated Figure 6 . The Emp8 mutation impacts the mitochondrial protein levels in the respiration chain. Crude mitochondrial membrane proteins isolated from the WT and emp8-1179 mutant kernels were separated as described previously (Sun et al., 2015) . Transferred blots were probed with antibodies against Nad9, Cytc 1 (cytochrome c 1 ), Cox2, Cytc (cytochrome c), ATPase, and AOX (alternative oxidase). All blots were loaded in the same order, and one representative membrane stained with Coomassie Brilliant Blue (CBB) is shown as a loading control. Figure 7 . The Emp8 mutation impairs mitochondrial complexes in the oxidative phosphorylation chain. Mitochondrial complexes of the embryo and endosperm of maize kernels were extracted as described previously (Sun et al., 2015) . contribution by the alternative respiratory pathway to total respiration. RT-PCR and qRT-PCR analyses indicated that AOX2 expression was strongly increased, along with a moderate increase in AOX3 expression in emp8 mutants at 12 DAP in comparison with WT ( Figure S5 ). Western blotting confirmed that the AOX protein level was dramatically increased in the emp8-1179 mutant ( Figure 6 ). In summary, these results indicate that the respiration function is severely impaired in emp8 mitochondria, and the alternative pathway is activated in response to the loss of complex I activity.
DISCUSSION
Emp8 is required for splicing of multiple introns and complex I biogenesis
The maize Emp8 locus, here defined by two independent and allelic Mu insertional mutants, encodes a P subfamily PPR protein required for the splicing of cis-and transintrons of nad1, nad2, and nad4. EMP8 was found to bind to these introns through similar sites ( Figure S6 ) . Loss of Emp8 expression in the two null mutants gives rise to accumulated products containing unspliced nad4 intron 1 and nad2 intron 1, whereas the spliced nad1 trans-intron 4 is absent (Figure 5 ), suggesting the importance of EMP8 in the splicing of three introns in three mitochondrial genes. Nad1, Nad2, and Nad4 proteins are the membrane arm components of complex I (Jacoby et al., 2012; Hirst, 2013) . Nad1 forms the quinone binding site, Nad2 is likely to be the site for proton transfer in complex I (Hirst, 2013) , whereas Nad4 forms one of the proton translocators and is structurally related to K or Na/H antiporters (Baradaran et al., 2013) . Because of the need for proton transfer and quinone binding of Nad1, Nad2, or Nad4 in complex I, any defects in splicing of single nad1, nad2, or nad4 introns by the failure of PPR expression would severely impair complex I biogenesis. For nad1 introns, OTP43 is the first PPR protein identified for trans-splicing of nad1 intron 1 in Arabidopsis. The loss of OTP43 results in undetectable complex I activity (de Longevialle et al., 2007) . Similarly, DEK2 with no homology with OTP43 is also required for nad1 trans-intron 1 splicing in maize. Consistently, the dek2 mutants display strongly reduced complex I accumulation (Qi et al., 2017a) . For nad2 introns, EMP16 is found to associate with splicing of nad2 intron 4 in maize. Disruption of Emp16 causes severely reduced complex I assembly and activity (Xiu et al., 2016) . EMP10 is responsible for nad2 cis-intron 1 splicing, in which the Emp10 mutation leads to undetectable complex I activity in maize mutants , whereas DEK37 was recently found to be required for the nad2 intron 1 splicing and complex I activity (Dai et al., 2018) . The lack of DEK35 results in splicing defects of nad4 intron 1 and strongly reduces complex I activity (Chen et al., 2016) . Reduced complex I activities in these splicing mutants are most likely ascribed to the failed protein translation that affects the complex I assembly and activity. Similar but distinct from the above-mentioned PPRs, Emp8 is required for splicing of three introns located in different mitochondrial transcripts. The joint splicing defects of these introns in emp8 mutants severely disrupt the transcription of nad1, nad2, and nad4 transcripts, followed by the complete loss of complex I assembly and activity (Figure 7) , suggesting an indispensable role of Emp8 for mitochondrial intron splicing and complex I biogenesis.
In addition to complex I defects, the Emp8 mutation also induces the accumulation of other proteins and complexes in the respiratory chain. Indicators of the alternative pathway, AOX, are increased ( Figure 6 ). In addition, complexes III, IV, and V are strongly elevated, and the protein levels of their corresponding indicators, Cytc 1 , Cox2, and ATPase-A, are also significantly increased (Figure 7 ). This phenomenon also occurs in other mutants of complex I such as nmat1, 2, and 4 (Keren et al., 2009 (Keren et al., , 2012 Cohen et al., 2014) in Arabidopsis and emp16 in maize (Xiu et al., 2016) . The increases most likely reveal a feedback with respect to the defective complex I biogenesis, which may partially compensate for the compromised proton translocation, electron transfer, and the accumulation of NAD(P)H in the respiratory chain.
Interestingly, the peripheral protein in complex I displays distinct patterns as a result of impaired expression of various splicing factors. Protein abundance of the Table 1 Alteration of the respiration rate in maize kernels of WT and emp8-1179 mutants. The mitochondrial respiration rate including total respiration rate (V t ), the capacity of the cytochrome pathway (V cyt ), alternative pathway (V alt ) was measured using a Chlorolab II liquidphase oxygen electrode. 2 mM KCN and 2 mM SHAM were used, respectively, as inhibitors for measuring the capacity of cytochrome c oxidase and alternative oxidase. Data are mean values AE standard error (SE) from three biological replicates. Statistically differences (P < 0.01*) in the same row were based on Student's t-test analysis peripheral subunit of Nad9 in emp8 mutants was reduced, whereas expression of the nad9 transcript is indistinguishable from that of WT (Figures 4 and 6) . It is most likely that the transcript deficiency of nad1, nad2, and nad4 affects their protein translation; therefore, complex I could not properly assemble, leading also to the failed assembly of Nad9 to the complex. The nad2 intron 4 and nad4 intron 1 were not properly spliced in emp16 and nms1 mutants, respectively, and Nad9 was strongly reduced (Brangeon et al., 2000; Xiu et al., 2016) . A block in splicing of the nad2 intron 1 in emp10 mutants causes a slight increase in Nad9 . The failure in splicing of nad1 in nmat4 and ppr19 mutants does not decrease the amount of Nad9 (Cohen et al., 2014; Lee et al., 2017) . These results strengthen the hypothesis that a likely secondary effect occurs with respect to dysfunctional complex I and readjustment of relative proteins.
The possible involvement of multiple trans-splicing factors in one intron
The involvement of EMP8 in splicing of nad2 intron 1 implies that intron splicing in mitochondria might involve multiple trans-splicing factors. Defects in splicing of the nad2 intron 1 were found in the maize emp10 mutant in which expression of a P subfamily PPR protein, EMP10, is defective . Similarly, the PPR protein, DEK37, was described to be also involved in splicing of the nad2 intron 1 (Dai et al., 2018) . In addition, partially defective splicing of nad2 intron 1 was also reported in mutants of mCSF1 (Zmudjak et al., 2013 ), PMH2 (K€ ohler et al., 2010 , ODB1 (Samach et al., 2011) , and nMAT1 (Keren et al., 2012) . They are all RNA-binding proteins from different families, that is, mCFS1, a CRM domain containing protein; PMH2, a DEAD helicase; ODB1, a RAD52-like protein; and nMAT1, a maturase. While it is possible that some of these defects in nad2 intron 1 splicing are due to an indirect effect, it is also possible that splicing of an intron requires the participation of proteins that harbor different RNA-binding domains and possess different functionalities. These proteins may function independently by binding the intron sequences to maintain the structure in a ribozyme active state but, alternatively, they may form a complex similar to the highly dynamic nuclear spliceosome. PPR proteins are capable of forming protein complexes, which are reported in PPR10 (Yin et al., 2013) , PNM1 (Hammani et al., 2011; Senkler et al., 2017) , and GRP23 (Ding et al., 2006; Senkler et al., 2017) . GRP23 was also identified in a complex including PMH2 and nMAT2 in mitochondria (Zmudjak et al., 2017) . Recently, PPR proteins DYW2 and NUWA were found to interact with the mitochondrial PPR protein SLO2 and chloroplast PPR protein CLB19 for RNA editing (Andres-Colas et al., 2017; Guillaumot et al., 2017) . Hence, evidence supports the idea that mitochondrial intron splicing may involve a putative mitospliceosome.
EMP8 is essential for seed development
Embryogenesis of emp8 mutants ceases at the transition stage, and endosperm development is severely arrested, implying that Emp8 is involved in the seed development of maize kernels. Mutant seed development is severe with the albino, crinkling, and shriveled phenotype, suggesting that it is more sensitive to the Emp8 mutation than other PPR proteins. Possible reasons with respect to the importance of Emp8 to seed development are speculated as follows. Firstly, Emp8 is essential for seed development, most likely through affecting complex I activity. The lack of Emp8 results in no complex I activity, leading to detrimental effects on seed development. Similar maize kernel mutants defective in nad1, nad2, and nad4 introns have been described. Their complex I activity appears to correlate closely with seed development. The seed defects of emp16, emp10, and emp11 are more severe with the nearly complete absence of complex I activity. Accordingly, their embryogenesis and endosperm development are abolished, producing an empty pericarp maize kernel (Xiu et al., 2016; Cai et al., 2017; Ren et al., 2017) , whereas in dek35, dek2, and dek37 mutants, the complex I activity is diminished, and the arrest phenotype of embryo and endosperm development is alleviated, displaying a small kernel phenotype (Chen et al., 2016; Qi et al., 2017a; Dai et al., 2018) . In addition, in Arabidopsis, the complex I activity is null in otp43 mutants, which show the most severe seed defects (de Longevialle et al., 2007) . Therefore, lost complex I activity is the main cause for the abolished seed development in emp8 mutants. Secondly, genetic background may also be involved in seed development. An example of this is the emp11 mutant in maize. Emp11 is needed for splicing nad1 introns, and the mutant is embryo lethal on a W22 background. However, on the B73 background, the seed defects in emp11 are largely alleviated such that the emp11 seeds are viable and can produce plants . Background-dependent seed development also occurs in maize ppr8522 and whirly1 mutants (Sosso et al., 2012; Zhang et al., 2013) . Therefore, in emp8 mutants, the W22 background might exemplify the fragility of embryogenesis and endosperm development to the mutation of Emp8, implying the essential role of Emp8 in seed development of W22 background maize. In addition, the structure of maize kernels might also require the Emp8 to maintain normal functions of mitochondria to supply more energy and nutrients especially for the endosperm development than in Arabidopsis . Taken together, these characteristics in maize strengthen the vital roles of Emp8 in mitochondrial functions and seed development.
EXPERIMENTAL PROCEDURES Plant materials
The emp8-1179 and emp8-943 maize mutants were isolated from the UniformMu transposon mutagenesis population in which the Mu active line was introgressed into the W22 inbred background (McCarty et al., 2005) . The insertion sites were verified from the self-pollinated heterozygous maize kernels by PCR with primers Emp8-2F: 5 0 -AACGGCAACTTCACCGGCGCCTACA and specific Mu primers TIR8 (Tan et al., 2011) followed by sequencing.
Light microscopy of cytological sections and pollen staining
The mutant and WT kernels from self-pollinated heterozygotes were harvested and sectioned at different developmental stages. The sections were stained with Johansen's Safranin O and observed as described previously (Liu et al., 2013) . Pollen of the emp8 and WT was stained with 1% I 2 -KI solution and observed under a light microscope.
Subcellular localization of EMP8
The full-length EMP8 sequence was amplified from B73 using primers Emp8-EntryF: CACCATGTCGGCGGCCGCCGTCCT and Emp8-EntryR: ATTTCCCTTCAGGGACACCTCAAGCTG. The cDNA was cloned into the pENTR/D-TOPO vector (Thermo Fisher Scientific, http://www.thermofisher.com), and then introduced into binary vector pGWB5 to make the EMP8-GFP fusion construct. Agrobacterium EHA105 carrying this construct was infiltrated into tobacco (N. tabacum) leaf epidermal cells as described (Sun et al., 2015) . Fluorescence signals of EMP8 were detected at 30 h afterward under the Olympus FluoView FV1000 confocal microscope (Olympus, http://www.olympus-global.com). The leaf slices were dipped in the solution of MitoTracker (Thermo Fisher Scientific) at a final concentration of 50 nM at room temperature for 30 min. Fluorescence of GFP and MitoTracker (including chlorophyll fluorescence) was detected with excitation at 488 and 559 nm, respectively.
Mitochondrial RNA transcript analysis
Total RNA of the maize kernel tissues was extracted using TRIzol reagent (Thermo Fisher Scientific), and residual genomic DNA was removed by DNase (NEB, USA) treatment. Differences between WT and emp8-1179 and emp8-943 in maize mitochondrial gene expression were determined by quantitative RT-PCR using ZmActin for normalization (Sun et al., 2015) . Primers Emp8-509F: GTGTCTCTTCTTGCTGATGCTTCC and Emp8-R: ATTTCCCTT CAGGGACACCTCAAGCTG were used for Emp8 expression analysis. Emp8-2F and Emp8-R were used for tissue expression analysis. Mitochondrial gene expression and intron splicing efficiency were analyzed by RT-PCR and quantitative RT-PCR with primers that were listed previously (Xiu et al., 2016; Yang et al., 2017) .
Mitochondrial protein and complexes analysis
Crude mitochondria from maize embryos and endosperms were freshly prepared as described by Meyer et al. (2009) , and 120 lg of mitochondrial membrane proteins was solubilized in 1% Ndodecylmaltoside and separated by 3-12.5% BN-PAGE as described (Sun et al., 2015) . The gel was excised in strips and stained by Coomassie Blue R-250 or subjected to an in-gel complex I and complex II activity assay as described (Wittig et al., 2007; Meyer et al., 2009) . The gel was excised in strips, incubated in 50 mM Tris-HCl, pH6.8, 8 M urea, 5% SDS, 20% glycerol and 5% b-mercaptoethanol for 30 min to denature the complexes, and then placed horizontally on top of a 12% SDS-PAGE for western blotting using antiserum against wheat Nad9 (Lamattina et al., 1993) , maize Cyt c 1 , ATPase a subunit, and Arabidopsis Cox2 (Xiu et al., 2016) . Crude mitochondria described above were denatured, measured by the Bradford assay (Bio-Rad, Hercules, CA, USA) and 8 lg of protein was used for western blotting assay (Sun et al., 2015) . Antiserum for maize AOX and cytochrome c (BD Biosciences, San Jose, CA, USA) was also used. Goat anti-rabbit antibodies conjugated to horseradish peroxidase (GE Healthcare, Little Chalfont, Buckinghamshire, UK) were used as secondary antibodies and detected with the ECL reagents (Pierce, Rockford, IL, USA).
Respiration rate assay
The respiration rates of emp8 were measured essentially according to the method described by Sun et al. (2015) using fresh maize embryo and endosperms at 12 DAP.
Mass spectrometry analysis
Strips of the BN-PAGE gel were excised from the WT samples and subjected to matrix-assisted laser desorption/ionization time-offlight mass spectrometry after trypsin digestion. The proteins were identified by peptide mass fingerprinting and NCBI nr database searching essentially according to Sun et al. (2015) . Scores of the shown proteins fulfilling the MASCOT score >62 and P < 0.05 were set as significance cutoffs.
ACCESSION NUMBERS
Sequence data for maize Emp8 can be found in the GenBank database under gene identifier GRMZM2G388778; and accession numbers for AOX1-3 are AY059646.1, AY059647.1, and AY059648.1, respectively.
SUPPORTING INFORMATION
Additional Supporting Information may be found in the online version of this article. Figure S1 . Amino acid alignment of EMP8 homologs. Figure S2 . Mutations in Emp8 are linked to the empty pericarp phenotype in two alleles. Figure S3 . Expression pattern of Emp8. Figure S4 . Transcripts levels of mitochondrial genes in the emp8 mutants. Figure S5 . Expression of AOX2 and AOX3 is increased in the emp8 mutants. Figure S6 . Prediction of RNA binding sites of EMP8 in mitochondrial introns. 
